ABSTRACT Single kinesin motor molecules were observed to buckle the microtubules along which they moved in a modified in vitro gliding assay. In this assay a central portion of the microtubule was clamped to the glass substrate via biotin-streptavidin bonds, while the plus end of the microtubule was free to interact with motors adsorbed at low density to the substrate. A statistical analysis of the length of microtubules buckled by single motors showed a decreasing probability of buckling for loads greater than 4-6 pN parallel to the filament. This is consistent with kinesin stalling forces found in other experiments. A detailed analysis of some buckling events allowed us to estimate both the magnitude and direction of the loading force as it developed a perpendicular component tending to pull the motor away from the microtubule. We also estimated the motor speed as a function of this changing vector force. The kinesin motors consistently reached unexpectedly high speeds as the force became nonparallel to the direction of motor movement. Our results suggest that a perpendicular component of load does not hinder the kinesin motor, but on the contrary causes the motor to move faster against a given parallel load. Because the perpendicular force component speeds up the motor but does no net work, perpendicular force acts as a mechanical catalyst for the reaction. A simple explanation is that there is a spatial motion of the kinesin molecule during its cycle that is rate-limiting under load; mechanical catalysis results if this motion is oriented away from the surface of the microtubule.
INTRODUCTION
Kinesin is a motor protein that derives its energy from ATP hydrolysis. It is thought to be responsible for the transport of various types of cargo along microtubules within eukaryotic cells (Brady, 1985; Vale et al., 1985) . Kinesin differs from myosin and dynein in that a single kinesin molecule is sufficient to move a microtubule across a glass surface (Howard et al., 1989; Block et al., 1990) . This ability suggests that in its chemical cycle, kinesin, unlike myosin for example, spends very little time detached from the filament.
The motor activity of kinesin depends on the longitudinal load, i.e., the force parallel to the microtubule. Hunt et al. (1994) described an assay in which high viscosity slowed microtubule gliding. Svoboda and Block (1994) observed the transport of beads against the restoring force of an optical trap. Meyhofer and Howard (1995) observed the deflection of a fine glass needle attached to a gliding microtubule. All of these experiments found that kinesin motion along a microtubule slows from an unloaded speed of about 0.5-1.0 pmn/s down to stalling at a longitudinal op- posing force of about 4-6 pN. An unanswered and physi-ologically significant question is how motor function de- In the present experiment, we impose on single kinesin motors loads with components both perpendicular and parallel to the motor movement. This is achieved by arranging for buckling of the microtubules along which the motors move. We can then infer the magnitude and direction of the loading forces from the observed bending shapes of the microtubules. Only one parameter, the flexural rigidity EI, is needed to connect bent shapes with the forces that cause the bending (Appendix A), and we have previously determined EI by observing thermal shape fluctuations of microtubules (Gittes et al., 1993) . There have been previous discussions relating observed filament bending to force production (Brokaw, 1975; Allen et al., 1985 ; Amos and Amos, 1991; Bourdieu et al., 1995) . Here, we arrange for controlled and repeatable buckling events of a particular type. As shown in Fig. 1 If the event progresses far enough that the microtubule is drastically bent, the component of motor force perpendicular to the microtubule grows large, eventually becoming equal to or greater than the parallel component of force (see Fig. 1 c) . This rotation of the loading force relative to the microtubule provides an opportunity to compare the relative effects of parallel and perpendicular force components. Longer microtubules are more easily bent than short ones; a statistical analysis of many buckling events shows consistency with values of parallel stalling force that have been found by the groups mentioned above, although here a precise value is not precisely measured. This consistency serves as a check on our flexural rigidity, EI. In cases where the loading force rotates away from the microtubule, we find that the development of a perpendicular force (pulling the motor away from the microtubule) does not hinder the motor as one might have supposed. On the contrary, we consistently find that as the perpendicular component of force rises, the motor speed rises to 1 ,um/s or more before the parallel force has greatly declined. Such speeds would be considered fast even in unloaded gliding assays, where motor speeds are typically in the range of 0.5-1.0 gm/s (Hunt et al., 1994) . We find that the kinesin motor appears to be catalyzed by a perpendicular loading force, reaching speeds well above those expected for the same parallel load. 5 g.m FIGURE 2 Experimental realization of Fig. 1 , viewed under fluorescence microscopy. (a) A microtubule is "clamped" to a glass surface along the short dark segment toward the lower right, and in b is buckled by a kinesin motor on the surface, whose location is indicated by a white arrow. The plus end (longer) and the minus end (shorter) of the microtubule are rhodamine-labeled (see Materials and Methods) and fluoresce brightly. These images correspond to the diagrams in Fig. 1, a, b , and c. The total duration of this event is about 2 s. In c a different event, out of line with the clamp, was rejected because it involved at least two motors (white arrows), both distinct from the motor in b.
The effect requires an interpretation in terms of the conformational movement within each mechanochemical cycle of the motor.
MATERIALS AND METHODS Hybrid microtubules and linkage to the substrate
To arrange buckling events as in Figs. 1 and 2, we bind a short segment of each microtubule to the glass surface via biotin-streptavidin bonds. The bound region of the microtubule is a biotin-labeled seed segment, onto which nonbiotinylated segments have been grown. Nonbiotinylated segments are rhodamine-labeled so that under fluorescence microscopy the seed region is visible as a dark portion along the fluorescent microtubule.
The faster-growing end is called the plus end; this fluorescent segment is usually longer than the other (Howard and Hyman, 1993) . The longer plus-end segment can undergo buckling because the plus-end-directed kinesin motor is able to exert a compressive force on it.
Microtubules were polymerized from subunits of tubulin and purified by repolymerization followed by phosphocellulose chromatography (Weingarten et al., 1974 (1991) . For biotin-labeled seed regions, cycled tubulin (5 ,uM) was polymerized with 0.5 mM GMP-CPP for 90 min at 37°C in MES buffer (100 mM MES, 1 mM EGTA, 1 mM MgCl2, pH 6.9), and microtubules were biotinylated with 100 ,uM biotin-XX (Molecular Probes), quenched with 2 mM potassium glutamate, and airfuged twice to remove excess biotin. Fluorescent, nonbiotinylated segments of the microtubules were grown, also in MES buffer, by adding 5 ,ul of the biotinylated seeds to a mixture of 10 p.M unlabeled and 5 p.M rhodamine-labeled tubulin, 4 mM MgC12, 1 mM GTP, and incubating at 37°C for 20 min. The microtubules were stabilized by diluting 1:20 into BRB80 (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.8) with taxol (10 ,uM).
The hybrid microtubules were bound along their seed portions to a glass surface. Steric constraints hindered the direct binding of biotin on the microtubules to streptavidin on the surface; however, this problem was solved by using an indirect linkage, also described by Meyhofer and Howard (1995) and shown in Fig. 1 
Kinesin motors
Kinesin was purified from bovine brain by affinity binding to endogenous microtubules using AMP-PNP followed by gel and cation chromatography (Wagner et al., 1991) , and was adsorbed onto the glass surface. Adsorbed kinesin densities, in an ordinary gliding assay, would be low enough to ensure single-motor motility. Experiments were done at room temperature. We used two kinesin concentrations, diluting 3000X and 10,OOOX from the stock solution (typically 100-130 ,ug/ml kinesin; MW 360,000). From the flow-cell dimensions we estimate the surface density of competent kinesin as very roughly -0.3/4Lm2 for 3000X dilution and -O.1/4m2 for 10,OOOx dilution (including crude factors of 1/10 for unfavorable adsorption to the coverslip (the observed surface), compared to the slide Hunt et al., 1994) , and 1/2 for incorrect orientation of adsorbed kinesin). Fig. 3 b shows the distributions of buckling lengths for dilution 3000X, with 88 buckling lengths; Fig. 3 Table  1 gives event rates for the 14 preparations (and a square-root transformation for statistical comparison of different event rates) to yield a 3000X/ IOOOOX rate ratio of 3.1 ± 0.7 (or smaller), comparing favorably to linear dilution (10,000/3000 3.3), and unfavorably to a quadratic dilution ratio (10,0002/30002 11.1). Additional evidence for single-motor action comes from the buckling-length distributions at 3000X (Fig. 3 b) and 10,OOOX (Fig. 3 c) Microtubule bending stiffness
The flexural rigidity of rhodamine-labeled microtubules, grown in PIPES buffer with dimethyl sulfoxide to assist nucleation, was EI = 2.1 X 10-23 Nm2 (±4.7%), as measured by observing thermal fluctuations (Gittes et al., 1993) . However, the present experiments used microtubules grown from rhodamine-labeled tubulin in MES buffer, from seeds polymerized using GMP-CPP, a nonhydrolizable GTP analog.
We corrected the flexural rigidity EI measured by Gittes et al. (1993) for differences in protofilament number P between PIPES-synthesized and MES-synthesized microtubules (polymerization buffer, not the method of nucleation, is the most important determinant of P, because protofilament number can change as the microtubule grows; Chretien et al., 1992) . Microtubules of different P values should have a flexural rigidity EI closely proportional to P3 (Gittes et al., 1993) . Ray et al. (1993) give explicit distributions of P in PIPES (P = 14.03) and MES (P = 13.52) (their table 1 contains a rounding error in row 8, where "2%" reflects 1/68 = 1.47%). From this table one finds OmFs/NpjPeS = (P )MES/(p3)Pips = 0.90 (±2.8%), where the uncertainty derives from the statistics of the P distributions. The implied mean stiffness of MES-grown microtubules is EIMES = 1.9 X 10-23 Nm2 (±5.5%). This value of EI was used in all subsequent inferences of bending force (see Results).
Screening of buckling events
Twenty-seven hours of video recordings were made at kinesin dilutions of 3000X (six preparations) and l0,000X (eight preparations). Each preparation was scanned systematically for a variable length of time, stopping to record when a repeating buckling event was found. Of hundreds of buckling microtubules, many could be rejected after close inspection of the videotape, using two criteria: i) Many events were due at their onset to two motors acting at different points of the microtubule; an example is shown in Fig. 2 c. (The onset of buckling determines minimum buckling force; see Results). ii) Each event was inspected for looseness of clamping along the biotinylated segment. Screening was repeated in several rounds of inspection, rating, and consolidation via re-taping. All events were rated as to their ambiguity in the evaluation of criteria i) and ii). Markedly crooked microtubules were also given low grades. Finally, the top three grades were obtained by repeated screening of buckling events drawn from 27 h of videotape comprising 14 preparations (see Table 1 preparations. If we take the four highest 3000X preparations (p = 0.8 with v = 3) the squared-mean-root (N.B.) rate ratio is still only 3.1 ± 0.7 (or smaller, if no rates are excluded), closer to a linear ratio 10,000/3000 3.3 than to a quadratic ratio (10,000/3000)2 11.1. Dilution of events is consistent with single-motor function.
to I/L B (see Results) and so is sensitive to the low-LB cutoff, yet does not differ significantly (p = 0.07) between the 3000X dilution (7.14 ± 0.58 pN) and the 10,OOOX dilution (8.43 ± 0.63 pN). Thus we find no effect of kinesin dilution on the distribution of buckling lengths found, consistent with the action of single motors.
Shape analysis of buckling images
Extended and uninterrupted buckling such as that in Fig. 2 occurred in relatively few events. Thirty separate motor/filament events were chosen for their visual clarity (in some separate events the same microtubule was being buckled, but by distinct motors at different locations on the surface). These video images (30 frames/s) were digitized frame by frame after enlargement by 4X to allow a finer pixel grid, using hardware and software described above. Variably spaced set of points (10 to 15 points per frame) were distortion-corrected by best-fit linear transformation to a four-point calibration square at the same field location. Points were interpolated to make 100 equally spaced points, so that shape analysis is length-weighted. Eqs. 7 through 9 of Appendix A contain parameters k, 40, kPf, and 3, which determine shape and orientation of a buckling filament, plus two coordinates to fix its location. A fit of all six parameters to Fig. 5 a would fail because of measurement error. Thus we assume that the motor linkage to the surface supports no torque (0'(s) = 0 at the pivot; see Appendix A), because of the rotational freedom of the kinesin motor . Also, the coordinates of the pivot point are estimated precisely as the best-fit crossing point of the digitized curves, so that three fitting parameters remain. Assuming nothing about the quality of the clamp, we use coordinates of an effective clamp position as two theoretical parameters; the final parameter is the elliptic modulus k (see Appendix A). We extend the theoretical curve as a straight line beyond the pivot point to compare with the swinging tail of the filament. We minimize the summed squares of closest distances from each data point (xp, yp) to the theoretical curve (x(4p), y(4p)) described by Eqs. 7 through 9; each closest approach (x(Wp), y(4p)) was located by a Newton-Raphson algorithm. Overall threeparameter minimization was mainly performed using a downhill simplex method (Press et al., 1992 (x,,y,) should correspond closely to a fixed point on the actual filament. We estimate instantaneous motor speed with a polynomial fit to motor displacement as in Fig. 6 b. To impose zero initial speed and to provide sensitivity to the initial motion, time t is transformed to u = exp(-lit) in the polynomial and displacement is transformed by the square root of its difference from the straight-line distance from pivot point to estimated clamp point.
RESULTS
Estimating maximum motor force from buckling lengths fo(LB), obtained from H(LB) in Fig. 3 a, is shown up to a constant factor in Fig. 4 , and represents a probability distribution of putative single-motor buckling events from which experimental biases have been removed. This distribution rises below about 8-10 ,um; it also falls at higher LB, as will be discussed later. Of main interest is the rising portion, which suggests that buckling at lengths shorter than 8-10 ,um requires greater forces than the motors can typically develop. Using the flexural rigidity EI = 1.9 X 10-23 Nm2 in Eq. 1, events with LB = 8-10 ,um should correspond to buckling forces of 4-6 pN. These results are consistent with the maximum kinesin force of 4-6 pN found by other experiments (Hunt et al., 1994; Svoboda and Block, 1994; Meyh6fer and Howard, 1995 Fig. 5 b (assuming El = 1.9 X 10-23 Nm2; see Materials and Methods). Because of our choice of theoretical parameters, these force estimates are independent of the quality of the clamp and are independent of whether the motor is exactly in line with the clamped region. Fig. 6 b shows the arc length S of the filament (in microns) that has passed by the pivot point as a function of time (this arc length represents the displacement of the kitiesin motor along the filament); Fig. 6 b also shows -21-0 1 2 3 4 5 6 7 8 9 FIGURE 5 (a) Digitized curves covering 2.2 s at 30 frames/s, obtained from video frames including Fig. 2, a and b . Each of the 57 curves was obtained by selecting between 10 and 15 points, correcting for local distortion, and interpolating 100 points to allow a length-weighted analysis. (b) The same digitized buckling profiles (dotted curves) displaced vertically and fitted to theoretical curves (solid curves) as described in Materials and Methods. Given the -0.5 ,um resolution of the video images (compare Fig. 2 ), the agreement is quite good. A small circle on each curve indicates the estimated pivot point, presumably the location of the kinesin motor. a displacement curve that has been fitted to the displacement points (see Materials and Methods). The fitted motor speed reaches just over 0.8 ,tm/s, which is similar to unloaded kinesin gliding speeds.
Combining the time derivative of the fitted displacement curve in Fig. 6 b with the estimated force values in Fig. 6 a, one obtains force-velocity relations for the components of loading force parallel and perpendicular to the microtubule, shown in Fig. 7 for five different microtubules. Fig. 7 a superposes data from two separate events involving the same filament and motor event (that of Fig. 2) , showing the overall reproducibility of the analysis from digitization to the final fitting. Fig. 7 , b through e, shows four other events in which extended and apparently uninterrupted bending takes place. For many of the buckling events analyzed, the experimental fits were poor because of digitizing noise. However, the attainment of high speeds even under large loads was a consistent finding. Maximum motor force The probability distribution for single-motor buckling events (Fig. 4) decreases as LB decreases below about 8-10 ,um. This is consistent with a motor force limit of roughly 4-6 pN found by Hunt et al. (1994) , Svoboda and Block (1994) , and Meyhofer and Howard (1995) . The distribution fo(LB) still decreases above 10 ,um, even after our compensation for bias, which we believe to be due to an inability of motors to reach the filament far from the clamped region; because most in vitro microtubules contain slight bends (Gittes et al., 1993) , the seeded segment of a microtubule may tend to attach so that the microtubule bends upward, away from the surface.
DISCUSSION
The maximum-force analysis suffers from several uncertainties, which probably account for the lack of a sharp cutoff of buckling lengths corresponding to a unique maximum force: 1) The Euler formula (Eq. 1) assumes a well-clamped rod, and a pivot point (motor position) that is in line with this clamp. In practice, the motor and the clamp may be misaligned by up to -1 ,tm. (Note that the misalignment due to the motor acting at the side, rather than the center, of the microtubule is much smaller, only -15 nm.) Using the theory of Appendix A one can show that motor misalignment or clamp looseness by 50, corresponding to a misalignment -1 ,um, reduces the maximum parallel loading force to 80% of the Euler value (100 of misalignment gives a reduction to 67%). Ten of 30 shape-analyzed events seemed to exhibit clamp looseness or misalignment that had not been detected by eye, so that Euler forces would be exaggerated by an average of 12%. 2) The microtubules have a distribution of protofilament numbers (Ray et al., 1993) and are therefore expected to have a distribution of stiffnesses (see Materials and Methods). We estimate that the spread in protofilament number found in Ray et al. would broaden the data in Fig. 4 by ± 10% in the forces.
3) The clamp looseness and protofilament number variation cannot explain the shortest buckling events, of lengths 4.5 Aum, which would require forces of about 19 pN. It is possible that these shortest events correspond to rare, flexible microtubules (e.g., containing 10 or fewer protofilaments) or to rare double-motor events.
Vector force and motor displacement
The force and displacement curves shown in Figs. 6 and 7 are the first estimates of single-motor force generation in the presence of a known perpendicular component of loading force. As the load becomes nonparallel to the microtubule, we infer from Fig. 7 that a growing perpendicular component of force does not hinder the motor as it approaches its maximum speed (about 0.8-1.0 ,m/s). Instead, the motor speed increases to high values well before the parallel force drops appreciably. In contrast, Fig. 8 shows data obtained in our laboratory by Hunt et al. (1994) (open circles), who measured motor speed versus drag force, using a highly viscous buffer solution, and forces and velocities obtained from the deflection of thin glass needles by individual kinesin motors by Meyhofer and Howard (1995) (filled circles). These previous results from this laboratory, as well as results obtained by other laboratories (Svoboda and Block, 1994) , show a motor speed, plotted versus the parallel component of load, that decreases roughly along a line from a maximum unloaded speed to stalling at a maximum force near 5 pN.
A possible interpretation of the highly nonlinear speedforce curves shown in Fig. 7 is that we have seriously underestimated the flexural rigidity of the buckling microtubules. As a result, the initial forces might be much smaller than we believe and the high initial speeds might simply reflect this low force. However, this interpretation can be ruled out by the shape analysis of the early velocity profiles of the buckling filaments. Near the onset of buckling, when the force is mostly parallel, we often see the motor move Meyhofer and Howard (1995) (0) measured motor force by observing the deflection of a glass needle. Neither of these experiments exhibited the combination of relatively high motor speed with large parallel load that is apparent in the plots of motor speed versus force in microtubule-buckling experiments (Fig. 7) .
slowly, consistent with it being highly loaded. This is clear in Fig. 6 b, and it indicates that our estimates of the loading force and the maximum kinesin motor force are reasonable. In contrast, very low-force events at longer buckling length begin abruptly, as for example in Fig. 6 c. The latter abruptness also supports our arguments in Appendix B against any artifactual slowing due to hydrodynamic drag. The most direct interpretation of our results is that a perpendicular component of load facilitates the motor function, so that under a perpendicular load the kinesin motor moves faster for a given parallel load.
The vector nature of motor loading Our results indicate that single kinesin motors move faster, against a given parallel load, when a component of load perpendicular to the filament is present. In the tradition of myosin cross-bridge models (Huxley, 1957; Hill, 1974) , later applied to kinesin as well (Leibler and Huse, 1993) , motor molecules have been pictured as intrinsically onedimensional mechanochemical transducers, a viewpoint that may be appropriate for myosin in muscle filaments. But to explain effects specifically caused by a perpendicular load, a purely one-dimensional formalism is inadequate. Furthermore, perpendicular force can only couple to motions of the motor perpendicular to the filament. Because there is no net motion in this direction, it follows that we must consider not just macroscopic motor movement, but changes that are microscopic and internal to the cycle of the motor molecule itself.
We consider the mechanochemical cycle of a kinesin motor domain as it moves along a fixed microtubule (Fig.  9 a) . This picture is equivalent to our experiment; however, in our experiment it is the microtubule that is moving ( external force F acts (does work) on some point r that moves along some spatial path relative to the microtubule. A similar argument could be made if, between r and the microtubule, there are two kinesin heads, affecting each other's function. For example, one head may be hindered in beginning its cycle because it must wait for a delayed release of the other head (see, e.g., Peskin and Oster, 1995) ; in this case a perpendicular component of force may accelerate the release.
We can generalize by using reaction thermodynamics. Fig. 9 b shows the path of the point where the load is applied, r(t) = (rll(t), r1(t)). Because this is a chemical reaction, the distance ( traced by r(t) is also a reaction coordinate; r(4) describes the mechanochemical coupling, both chemical-to-mechanical and vice versa. A chemical affinity A(() = -aG/la is associated with each value of ( (De Donder and van Rysselberghe, 1936; de Groot and Mazur, 1962) , where G(T, p, 0) is the Gibbs free energy of the chemical system. Under a load, we define a mechanochemical free energy G, with dG = -Ade-F F dr, which in turn gives a mechanochemical affinity
FIGURE 9 (a) Idealized situation in which a kinesin motor domain moves along a fixed microtubule under a load that is not parallel to the microtubule. The vector force F and velocity V are oriented as in the buckling experiment (see Fig. 1 c) ; however, in our experiment it is the microtubule and not the motor that is moving. The plane of this figure, like that of Fig. 1 c, is the plane of the glass surface; also note that the motor moves along the side of the microtubule both here and in Fig. 1 c. The load F has components F, and Fl, (parallel and perpendicular to the microtubule). The cycle of the motor includes points, such as 1, where the point of application of F is closer to the microtubule and points, such as 2, where this point is farther away. (b) Spatial path r(t) of the mechanochemical kinesin cycle in a. The discussion in the text focuses on a hypothetical portion of the cycle, 1-*2, that is rate-limiting under load and has some orientation (angle 4) relative to the microtubule axis. (c) Diagram of a force-velocity plane (see Discussion) obtained by assumption of both a single rate-limiting step in the cycle and of a linear dependence of rate on mechanochemical affinity. The orientation of the plane V(FI,F1) is also the orientation angle of the rate-limiting step in the cycle. Motor loading by a parallel force (Fig. 8) is labeled by F1 = 0; our buckling events (Fig. 7) explore loads with F, > 0.
follow the motion of a point r where the loading force acts; r has components rll and r1. Point 1 of the cycle is nearest the microtubule and point 2 is furthest from the microtubule; these are separated in height by Ar1. A parallel load Fl, < 0 slows the motor by coupling the change Arul, to an unfavorable energy increase +F,iArij. Now F1 > 0 couples 2-1 to an unfavorable energy increase, +F Ar1, but it also couples 1->2 to an opposite energy decrease, -F Ar1. Because we found that motor speed increases with F1 > 0, the rate effect on the 1->2 rate must be rate-limiting under load.
The preceding argument does not depend on there being only one head as in Fig. 9 a. All that matters is that the Here = dr/dc is a unit vector tangent to the path r(t). Nonequilibrium thermodynamics assumes that the reaction rate dU/dt (here, the rate of conformational change) is some function of the affinity A(() (de Groot and Mazur, 1962) . No matter what this specific rate dependence is, Eq. 2 specifies how the external force couples to the system: via a vector that points along the direction of the microscopic movement of the motor molecule.
If near one point ( = (°, r((O) = 70, the rate is especially sensitive to changes in A((), then under load this becomes the rate-limiting point in the cycle, and Eq. 2 implies that overall velocity will depend on * F, where is the direction of the rate-limiting motion. For both a rate-limiting step and a linear dependence of rate on A(() at that point (commonly assumed; de Groot and Mazur, 1962) , Eq. 2 predicts a linear relationship between Fl and V, as found by Hunt et al. (1994) , Svoboda and Block (1994) , and Meyhofer and Howard (1995) . Plotting V versus Fl and F, (and under the assumptions just mentioned) Eq. 2 more generally predicts a force-velocity plane, as shown in Fig. 9 Thus V can increase dramatically while the parallel load Fl, is still large. We can in fact calculate the force-velocity diagrams that would result. Bending theory determines the path of (Fll, F,); using the force-velocity plane of Fig. 9 c along this path yields the force-velocity relations shown in Fig. 10, for various angles 4) of the rate-limiting direction T relative to the microtubule. Fig. 10 c, for example, shows a strong qualitative resemblance to Fig. 7 a. Kinesin behavior under load can be explained by the presence of a movement within the kinesin cycle that is rate-limiting under load, oriented at a substantial angle (perhaps 450 or more) away from the axis of the microtubule itself.
CONCLUSIONS
Our results indicate that the loading of individual molecular motors is fundamentally a three-dimensional, not a onedimensional problem. Our buckling experiments, although they lack the precision that has been obtained in longitudinal motor loading experiments, explore the effects of a nonparallel loading force; in fact, they provide a continuous change of loading from wholly longitudinal force to a perpendicular component of force that is even larger than the longitudinal component. We find that a perpendicular component of force, tending to pull the kinesin motor away from the microtubule, appears to facilitate, not hinder, motor function. We have discussed above how this effect is thermodynamically related to the internal conformational changes that take place in the kinesin molecule during its cycle; it particular, it is consistent with a certain movement within the motor cycle that is rate-limiting under load and is directed at a substantial angle away from the filament (schematically, change 1-*2 in Fig. 9 ). In this sense, we have seen how external force may ideally be viewed as a threedimensional "external field" that can be used to probe the microscopic conformational changes within the motor molecule.
In the preceding discussion, the distinction between chemical reaction path and the path of mechanical motion has disappeared. In this light, it is appropriate to regard the parallel speeding up of a motor by a perpendicular load as an example of mechanical catalysis, because there is no net motion, and thus no net mechanochemical reaction, in the perpendicular direction itself.
We also emphasize that our thermodynamic discussion of loading applies not only to just a single kinesin head, but to the combined action of both kinesin heads.
Our observations argue strongly against the idea that kinesin motors slow under load because they slip back during a detached period, which has been discussed recently (Svoboda and Block, 1994; Meyhofer and Howard, 1995 Finally, our observations and discussion of motor protein behavior under nonparallel loading are certainly important, not just to in vitro force measurements, but to the physiology of cellular transport. Single motors, or a small number of motors, carry cargoes much larger than themselves through a viscous and obstructive intracellular medium. Thus we expect that the forces on the motors change unpredictably in both magnitude and direction. It would be an appropriate feature of such motor molecules if the loading forces that threaten to pull the motor away from the filament, in fact, enhance its function.
APPENDIX A: THEORETICAL BUCKLING SHAPES AND FORCES
The theory for bending microtubules only depends upon the flexural rigidity EI (see Materials and Methods, and Appendix C). For a microtubule without any "intrinsic" shape (Gittes et al., 1993 ) the bending free energy per unit length is g(s) = EI(dOlds)212, where s is the arc length along the filament and 0(s) is the tangent angle of the filament. This g(s) is an expansion of the free energy G in the curvature of the filament, and so the bending theory is not dependent upon the microscopic structure of the filament except through the value of the flexural rigidity EI. Derivations of bending equations (originating with Euler) may be found in, e.g., Love (1927) and Landau and Lifshitz (1986) . Minimization of the total bending energy leads to an equation O(s) = f32 sin(6(s) -(pf), (5) where 34 =(F2 + F2 )/(EI)2 is related to the magnitude of force on the filament, and pf is the angle of this force with the parallel axis. To first order in a slight deflection y(s), where y'(s) = 0(s), y't(s) + 32y'(s) = -F1/EI, (6) which is the linearized equation for the buckling of a filament with length L = LB under longitudinal compression (i.e., in the parallel direction). For a filament clamped at s = 0 and hinged at the point s = LB (i.e., y(O) = 0(0) Y'(0) = 0'(LB) = y"(LB) = 0) with a compressive force -Fl applied at the hinge point, Eq. 6 has a solution y(s) = 1(LB-s) + sin 3s -LB cos 3s, provided that tan J3LB = (3LB -4.493. This condition gives the Euler formula (Eq. 1) for the minimal buckling force. Eq. 5 also has exact solutions that can be written in various equivalent ways (Love, 1927; Landau and Lifshitz, 1986) . We adopt 13s = 7(S)
where F(4, k) is the incomplete elliptic integral of the first kind and k is the elliptic modulus (Gradshteyn and Ryzhik, 1980) . 
where the correct k and 4o must be found to produce an end point x = X(k,40), y = Y(k,40). Boundary conditions, such as Y(k,00) = 0, are expressions involving complete and incomplete elliptic integrals. Finally, the proper dimensionless buckling shape must be scaled to the correct L, which determines (3 and hence the force magnitude. Relative to the filament, the tangent and perpendicular components of force at the pivot point (see Fig. 1 a) are Hunt et al., 1994) compared to motor forces. For a buckling filament, however, the initial displacement S of the motor is change in arc length of y(s), S 7 ds(dy/ds)2. (Landau and Lifshitz, 1986 ) the longitudinal compression is Ax = FaIL/EA.
The cross-sectional area A of the microtubule (with inner radius ri and outer radius r.) is A = 7(r2 -ri2). To be stable against buckling, the Euler condition is Fll ' FB = El y2IL2 (where y = 4.493). Finally, I = 7r(r4 -r4)/4 for a hollow cylinder (Gittes et al., 1993 We also ask what quantitative degree of bending might be expected to result in nonlinear elastic behavior, or even damage to the tubulin polymer, Gittes et al. 427 (18)
that would cause linear elastic bending theories to fail. By starting with a quadratic bending free energy g(s) (see Appendix A), we assumed that linear elasticity applies to the bending microtubules (not to be confused with linearized bending equations such as Eq. 6). If a microtubule is bent with a radius of curvature R, the compression and extension of the microtubule on the inside and outside of the bend, per tubulin monomer of length a, is As = ±aAr/R
If one asks for a maximum distortion of As = +1 A in the 40 A monomers, for example, this corresponds to R = 0.5 ,tm, a very small radius of curvature. It seems safe to assume that linear elasticity does apply.
APPENDIX D: BUCKLING LENGTH STATISTICS fo(LB) is the probability per unit length that a kinesin motor a distance LB from the clamped section of a microtubule will buckle it. But fo must be multiplied by two factors that depend on the length L+ of the plus-end region of the microtubule (see Fig. 1 a):
i) First we must include the probability P1(L,) that exactly one motor is able to interact with the microtubule, because events were rejected when more than one motor was involved in the onset of buckling (Materials and Methods). If a density p of kinesin motors is attached to the surface, and each motor can reach a distance a from its point of attachment, then 2ap motors per unit length interact with the microtubule. Using Poisson statistics, P1(L+) = e-2apL+ (20) ii) Second, we must multiply by the population n(L+) of clamped microtubules with L+ > LB that are competent to buckle. At this point we make an assumption, to be confirmed below, that n(L+)PI(L+) =(const.) X e-aL+, (21) i.e., either n(L+) decreases much more slowly than P,(L+) (in which case a 2ap, using Eq. 21), or else n(L+) resembles a decreasing exponential over the observed L+ (in which case a > 2ap).
The experimental distribution of buckling events f,.p(L+, LB) is the product of fo(LB) with Eq. 21, plus the requirement that LB < L+: ((const.) 
Fitting Eq. 22 to data is difficult because LB and L+ are not statistically independent for all data points (because of the LB < L+ cutoff). However, LB and L+ -LB are independent; fexp(L+, LB) = (const.) X fo(LB)eaLB X ea(L+-LB) (23) holds for all data points, and L+ -LB is distributed exponentially with decay constant a.
Experimental buckling data are shown in Fig. 11 as a scatter plot in L+ and LB. A small gap between the data and the L+ = LB line shows that L+ -LB is overestimated by about 0.5 ,um because of a resolution error in estimating L+ or LB or both. 
